Kano Y, Miura S, Eshima H, Ezaki O, Poole DC. The effects of PGC-1␣ on control of microvascular PO 2 kinetics following onset of muscle contractions. J Appl Physiol 117: 163-170, 2014. First published May 15, 2014 doi:10.1152/japplphysiol.00080.2014.-During contractions, regulation of microvascular oxygen partial pressure (PmvO 2), which drives blood-myocyte O2 flux, is a function of skeletal muscle fiber type and oxidative capacity and can be altered by exercise training. The kinetics of PmvO2 during contractions in predominantly fast-twitch muscles evinces a more rapid fall to far lower levels compared with slow-twitch counterparts. Peroxisome proliferator-activated receptor ␥ coactivator 1␣ (PGC-1␣) improves endurance performance, in part, due to mitochondrial biogenesis, a fiber-type switch to oxidative fibers, and angiogenesis in skeletal muscle. We tested the hypothesis that improvement of exercise capacity by genetic overexpression of PGC-1␣ would be associated with an altered PmvO 2 kinetics profile of the fast-twitch (white) gastrocnemius during contractions toward that seen in slow-twitch muscles (i.e., slowed response kinetics and elevated steady-state PmvO2). Phosphorescence quenching techniques were used to measure PmvO2 at rest and during separate bouts of twitch (1 Hz) and tetanic (100 Hz) contractions in gastrocnemius muscles of mice with overexpression of PGC-1␣ and wild-type littermates (WT) mice under isoflurane anesthesia. Muscles of PGC-1␣ mice exhibited less fatigue than WT (P Ͻ 0.01). However, except for the PmvO 2 response immediately following onset of contractions, WT and PGC-1␣ mice demonstrated similar PmvO 2 kinetics. Specifically, the time delay of the PmvO 2 response was shortened in PGC-1␣ mice compared with WT (1 Hz: WT, 6.6 Ϯ 2.4 s; PGC-1␣, 2.9 Ϯ 0.8 s; 100 Hz: WT, 3.3 Ϯ 1.1 s, PGC-1␣, 0.9 Ϯ 0.3 s, both P Ͻ 0.05). The ratio of muscle force to PmvO 2 was higher for the duration of tetanic contractions in PGC-1␣ mice. Slower dynamics and maintenance of higher PmvO 2 following muscle contractions is not obligatory for improved fatigue resistance in fast-twitch muscle of PGC-1␣ mice. Moreover, overexpression of PGC-1␣ may accelerate O2 utilization kinetics to a greater extent than O2 delivery kinetics.
SKELETAL MUSCLE FIBER TYPES are classified by contractile (12, 18, 53) and metabolic (15, 20, 53) properties. Muscles comprised of type I fibers generally possess an excellent endurance ability supported by higher levels of oxidative capacity, capillarity, oxygen uptake, blood flow, and O 2 delivery compared with type II (b/d/x) muscles (3, 15, 34, 49) . In addition, the matching of O 2 delivery to metabolic requirements (O 2 uptake) in skeletal muscle is of crucial importance for muscle performance (31). Behnke et al. (5, 7) have previously demonstrated that, compared with its type II fiber counterparts, muscles comprised of type I fibers achieve a higher O 2 delivery per unit O 2 uptake (QO 2 :V O 2 ratio) as demonstrated by the higher microvascular oxygen partial pressure (PmvO 2 ) sustained during contractions (46, 47) . The kinetics of PmvO 2 during contractions in fast-twitch dominant muscle falls more rapidly and to far lower levels compared with their slow-twitch fiber counterparts (10, 39) .
Muscle contractile performance is inextricably controlled by the conditions of O 2 delivery with reductions in inflowing O 2 (i.e., lowered O 2 content and or O 2 delivery that act to reduce PmvO 2 ) impairing muscle (e.g., 25 ) and whole body (1) exercise performance. In addition, the muscle dysfunction that accompanies aging (6) and the pathological conditions of chronic heart failure (7, 16, 38) and diabetes mellitus (44) are associated with altered PmvO 2 kinetics (i.e., very low transient and/or steady-state PmvO 2 indicative of impaired QO 2 :V O 2 matching.) Recently, Hirai and colleagues (24) demonstrated that, in the mixed fiber type rat spinotrapezius muscle, exercise training alters the QO 2 :V O 2 relationship slowing the PmvO 2 kinetics and elevating steady-state values.
Peroxisome proliferator-activated receptor ␥ coactivator 1␣ (PGC-1␣) is increased by endurance training (26, 43) , and its upregulation improves endurance performance due to mitochondrial biogenesis, a fiber-type switch to oxidative fibers, and angiogenesis in skeletal muscle (2, 14, 43, 62) . We have previously investigated alterations of skeletal muscle metabolism induced by muscle-specific overexpression of PGC-1␣ in skeletal muscle that lead to increase in peak O 2 uptake and exercise capacity (55) . However, nothing is known regarding the impact of PGC-1␣ overexpression on the dynamics of the PmvO 2 during contractions. It is expected that the improved endurance capacity of PGC-1␣ mice is a consequence of improved aerobic metabolism especially in fast-twitch muscle. Therefore, based upon the exercise training responses of Hirai et al. (24) we tested the hypothesis that genetic overexpression of PGC-1␣ would slow the PmvO 2 kinetics profile and raise steady-state PmvO 2 of the fast-twitch (white) gastrocnemius during contractions to resemble that profile found in slowtwitch muscles.
METHODS
Animals. Transgenic mice were produced overexpressing PGC-1␣-b in skeletal muscle (hereafter, PGC-1␣ mice, 16 -20 wk of age) were described previously (40) . Briefly, human skeletal muscle ␣-actin promoter provided by Drs. E. C. Hardeman and K. L. Guven (Children's Medical Research Institute, Westmead, Australia) was used to express PGC-1␣ isoform in skeletal muscle. PGC-1␣ mice (heterozygotes, BDF 1 background) and wild-type (WT) C57BL6 mice were crossed, and the offspring (heterozygote and wild-type, born at the same period) were used for the experiments. Copy number of PGC-1␣ transgene in transgenic mice was estimated as described previously (41) . We used the B line of PGC-1␣ mice in this study; two independent lines of PGC-1␣ mice showed similar phenotypes. The PGC-1␣ data in this model have been reported previously (55). PGC-1␣ mRNA level by quantitative real-time RT-PCR was expressed 26.8-fold higher in gastrocnemius muscles of PGC-1␣ mice than in WT mice, but there was no difference in heart muscle. Also, in PGC-1␣ mice, we confirmed that the activity of AMPK␣1 significantly increased in gastrocnemius muscle (WT: 4.99 Ϯ 0.31, PGC-1␣: 23.56 Ϯ 1.23 pmol·min Ϫ1 ·mg tissue Ϫ1 , P Ͻ 0.01). No significant difference was observed in AMPK␣2 activity between the mice.
Mice were maintained on a 12:12-h light-dark cycle and received food and water ad libitum. All experiments were conducted under the guidelines established by the Physiological Society of Japan and were approved by The University of Electro-Communications Institutional Animal Care and Use Committee.
Experimental protocol. Phosphorescence quenching was utilized for the determination of PmvO 2 at rest and during contractions in the superficial (white) gastrocnemius muscle. Before the surgical procedures, the animals were anesthetized with isoflurane in 100% O2. The mouse was placed on a heating pad (38°C) to maintain body temperature, and the phosphorescent probe [palladium meso-tetra(4-carboxyphenyl)porphyrin dendrimer (R2) at 15 mg/kg body wt] was injected using a 16-G needle into the fundi vein. The total duration of the experiments did not exceed 1 h.
After the overlying skin was reflected and fascia were removed, the muscle surface was superfused with Krebs-Henseleit solution equilibrated with 5% CO2-95% N2 at 38°C and adjusted to pH 7.4. For the induction of muscle contractions in the gastrocnemius muscle, stainless steel electrodes (TN-200-214, Unique Medical, Tokyo, Japan) were attached to the tibial nerve. Before stimulation, the ankle and knee joint angle were clamped at 90 degrees and attached to a force transducer (model 1030, UFI, Morro Bay, CA). The muscle tension development data were transferred to a microcomputer using data acquisition software (Chart Ver. 3.6.3) at a sampling frequency of 10 kHz.
PmvO2 measurements. The phosphor R2 was infused ϳ15 min before the experimental procedure, and all experiments were conducted in a darkened room to prevent contamination from ambient light. After a 10-to 15-min stabilization period following the surgery, twitch (1 Hz, 3-5 V, 4-ms pulse duration) and tetanus (100 Hz, 3-5 V, 4-ms pulse duration, stimulus duration of 100 ms every 1 s) muscle contractions were elicited for 3 min. These two stimulation protocols allowed the hypothesis to be tested across a range of metabolic conditions with tetanic contractions expected to yield a greater metabolic stress and potentially induce fatigue which was unlikely to be present for the twitch contractions. PmvO2 was determined at 1-s intervals at rest, during contractions, and for 3 min of subsequent recovery. Data from the twitch and tetanic protocols were analyzed and presented separately (i.e., not pooled).
The theoretical basis for phosphorescence quenching has been detailed previously (8, 9, 52) . Briefly, the Stern-Volmer relationship (52) describes quantitatively the O2 dependence of the phosphorescent probe. R2 is a nontoxic dendrimer (33) that binds completely to albumin at 38°C and pH 7.4, with a quenching constant of 409 mmHg Ϫ1 ·s Ϫ1 and lifetime decay in the absence of O2 of 601 s (37, 45) . In addition to binding with albumin, the net negative charge of R2 also facilitates restriction of the compound to the vascular space (46) .
To determine PmvO2, a PMOD 2000 frequency domain phosphorometer (Oxygen Enterprises, Philadelphia, PA) was utilized. The common end of the bifurcated light guide was placed 2-3 mm above the midbelly region of the gastrocnemius muscle that corresponds to the superficial "white" region, and blood was sampled within the microvasculature up to ϳ500 m deep within a circular region ϳ2 mm in diameter avoiding any obvious large vessels. For both wildtype rats and mice there is marked heterogeneity of fiber types and oxidative capacity across the depth of gastrocnemius. The following comparison facilitates an appreciation of the commonality between the rat (more common species for fiber type heterogeneity) and the mouse as used herein with respect to fiber type and oxidative capacity stratification (11) 2) demonstrates low oxidative capacity in WT and that this is increased in the PGC-1␣ mice. Thus the sampled region predominantly comprises the "white" gastrocnemius and its attendant fiber type and oxidative enzyme composition in WT and there was no systematic difference in sampling location between WT and the PGC-1␣ mice. Moreover, it was possible to move the probe slightly to avoid the occasional visible superficial vessel (most of the arterial vascular supply emanates from deeper within the gastrocnemius and is not sampled) and remain within the designated region.
The phosphorescence quenching signal is weighted by the relative volume of the compartment(s) sampled across arterioles, capillaries, and venules (50) . Large visible vessels are avoided and, as the greatest intramuscular blood volume is in the capillaries, this is the volume from which the PmvO 2 signal principally emanates although there will necessarily be arteriolar and venular contributions. The phosphorometer employs a sinusoidal modulation of the excitation light (524 nm) at frequencies between 100 Hz and 20 kHz, which allows for phosphorescence lifetime measurements from 10 s to Ϸ2.5 ms. In the single-frequency mode, 10 scans (100 ms) were used to acquire the resultant lifetime of the phosphorescence (700 nm) and were repeated every 1 s (for review, see 56) . To obtain the phosphorescence lifetime, the logarithm of the intensity values was taken at each time point and the linearized decay was fit to a straight line by the least-squares method.
Modeling of PmvO 2 profiles. Curve fitting was accomplished using KaleidaGraph software (Version 4.1, Synergy software, Reading, PA) and was performed on the PmvO2 data using a one-component model:
and a more complex two component model:
where PmvO2(t) is a given time point, PmvO2(b) is baseline (i.e., precontraction), and ⌬PmvO 2 is the decrease in PmvO2 from baseline to the end-stimulation values. For the two-component model, PmvO 2 (primary) and PmvO2 (secondary) designate the initial and secondary components of the PmvO 2 response; ⌬ represents the amplitude of each response, while TD 1 and TD2 are the independent time delays, and 1 and 2 are the time constants.
To determine whether the one-component or the two-component model would best describe the PmvO 2 response for either the WT or PGC-1␣ mice, the goodness-of-fit for the model was determined via three criteria: 1) the coefficient of determination (i.e., r 2 ), 2) the sum of the squared residuals term (i.e., 2 ), and 3) visual inspection of the model fit to the data.
Histological evaluation. After the phosphorescence quenching protocols, the contralateral gastrocnemius muscle was dissected carefully and the midbelly region cut transversely to the long axis of the muscle. The tissue blocks were rapidly frozen in isopentane cooled by liquid nitrogen. Transverse cross sections of 10 m were made with a cryostat (Leica, CM1510, Germany) at Ϫ20°C and the sections stained for measurement of SDH activity. The original SDH staining protocol was described by Nishizaka et al. (42) . The SDH activity was determined by incubation in the following medium: 0.9 mM 1-methoxyphenazine methylsulfate, 1.5 mM nitroblue tetrazolium, 5.6 mM ethylenediaminetetraacetic acid disodium salt, and 48 mM succinate disodium salt, pH 7.6 in 100 mM phosphate buffer. The reaction time was 10 min after which it was arrested using distilled water, and subsequently sections were dehydrated in a graded series of ethanol and passed through xylene. The cross-sectional areas and SDH activities were measured by tracing fiber outlines of ϳ50 fibers in the deep and superficial regions of the muscle section. The images were digitized as gray-level pictures. Each pixel was quantified as one of 256 gray levels and then automatically converted to optical density (OD) using ImageJ software (National Institutes of Health, Bethesda, MD). The capillary staining protocol was described by Tadaishi et al. (55) . The identification of capillaries was performed using the anti-CD31 antibody (no. 553370, BD-Pharmingen, Franklin Lakes, NJ), which recognizes platelet endothelial cell adhesion molecule-1(PECAM). The acetone fixed slides were incubated for 1 h with anti-CD31 antibody and for 30 min with Simple Stain Mouse MAX PO (rat) (Nichirei, Tokyo, Japan). Visualization of antibody staining was achieved using 3,3=-diaminobenzidine tetrahydrochloride as the chromogen. Capillary density (number/ mm 2 ) and the capillary-to-fiber ratio were measured directly from images of micrographs in the deep and superficial regions using standard morphometric techniques (55) .
Statistical analysis. All experimental data are expressed as means Ϯ SE. All statistical analyses were performed in Prism version 5.0 (GraphPad Software). Group differences in PmvO 2 (primary component), muscle force, and histological data (cross-sectional areas and SDH activity) were determined by a two-way analysis of variance (ANOVA) and Bonferroni's post hoc test; t-tests were used for comparison of body weight, muscle weight, and PmvO 2 (secondary component) data. The level of significance was set at P Ͻ 0.05.
RESULTS
Animal data. Body weights did not differ between WT (21.1 Ϯ 1.6 g) and PGC-1␣ mice (22.1 Ϯ 2.0 g; P Ͼ 0.05). The weight of gastrocnemius muscle was not different between WT (0.124 Ϯ 0.003 g) and PGC-1␣ mice (0.120 Ϯ 0.005 g; P Ͼ 0.05).
PmvO 2 response and muscle force production. The mean dynamic PmvO 2 profiles in response to electrical stimulation are shown in Fig. 1 With respect to twitch contractions vs. tetanic contractions, the time constant and mean response time (MRT) decreased significantly in tetanic contractions (protocol; P Ͻ 0.05). Also the ⌬PmvO 2 tended to be greater (lowering the absolute PmvO 2 ) in the tetanic contractions (protocol; P ϭ 0.052). No significant interaction effect was observed for either parameters or measurements. For the secondary component, the time constant was increased in PGC-1␣ compared with WT mice (transgene; P Ͻ 0.05).
There were no differences in maximal isometric force of plantarflexor muscles for PGC-1␣ mice (twitch 25.2 Ϯ 2.1 mN, tetanic 69.6 Ϯ 8.7 mN) compared with WT mice (twitch 17.4 Ϯ 3.4 mN, tetanic 91.7 Ϯ 13.3 mN). Figure 2 shows the profiles of relative twitch and tetanic force production over the 180 s contraction protocol. There was no significant attenuation of the twitch force during this contraction protocol for WT or PGC-1␣ mice. In marked contrast, there was a progressive attenuation of the tetanic force production in WT compared with that of PGC-1␣ mice (transgene; P Ͻ 0.05). Histological evaluation. Oxidative capacity (as assessed via SDH) demonstrated regional differences within the gastrocnemius muscle in WT (Fig. 4, deep 2 ). In WT, capillary density and capillary-to-fiber ratio as well as SDH activity in the deep region were higher compared with the superficial region (Fig.  5) . In contrast, capillary density and capillary-to-fiber ratio were significantly increased in the superficial region in PGC-1␣ mice which abolished the regional differences in capillarity (Fig. 5) .
DISCUSSION
The principal original findings herein relate to the marked differences between the effects of PGC-1␣ overexpression and those produced by the exercise training model published pre- viously (24) on the dynamic balance between QO 2 and V O 2 as expressed by PmvO 2 . Specifically, despite an improved fatigue resistance PGC-1␣ overexpression did not slow PmvO 2 kinetics or elevate the steady-state PmvO 2 . Thus, in contrast to the effects of exercise training, which also increases PGC-1␣ expression (26, 43) , the TD prior to PmvO 2 beginning its decline was shortened. Furthermore there was an increased time constant (i.e., slower) for the secondary component PmvO 2 response. Each of these effects acted to decrease PmvO 2 , indicating a reduced QO 2 -to-V O 2 ratio at any given instant. These results demonstrate that the PGC-1␣ overexpression derived improvement of muscle function cannot be attributable to an enhanced O 2 supply-induced elevation of PmvO 2 , which is a feature of the exercise training response (24) and also differentiates fast-from slow-twitch fibers (10, 39) and low-from high-oxidative muscles (19) . Indeed, lowering of PmvO 2 indicates that muscle mitochondrial adaptations that act to speed the V O 2 response during contractions have an overall greater influence than vascular adaptations that would speed the QO 2 response. One fascinating consequence of PGC-1␣ overexpression is that it facilitates enhanced fatigue resistance despite a lowered PmvO 2 which, in and of itself, would be expected to compromise muscle performance (1, 25) . In this regard, enhanced muscle O 2 diffusing capacity likely resulted from increased capillarity and the ability to increase capillary red blood cell (RBC) volume. Moreover, faster V O 2 kinetics and "tighter" metabolic control (i.e., less intracellular pertur- Exercise tolerance and muscle contractile performance of PGC-1␣ mice. Although there is a report that mice overexpressing PGC-1␣ cannot tolerate high-intensity exercise (58) both Calvo and colleagues (13) and our group (55) have demonstrated improved performance at these intensities. Moreover, Lin et al. (36) demonstrated decreased fatigability in PGC-1␣ mice during electrically induced ex vivo tetanic contractions. The present investigation used both twitch and tetanic stimulation protocols to provide a wide range of metabolic rates (twitch, low; tetanic, higher). We determined that the exercise tolerance for twitch contractions did not differ between WT and PGC-1␣ mice (at least within the boundaries of our protocol), whereas it was markedly increased for PGC-1␣ mice during tetanic contractions (Fig. 2) .
Histochemical/morphological characteristics of PGC-1␣ mice. In superficial vs. deep regions of mouse gastrocnemius, there are pronounced morphological and functional differences in muscle fiber types and oxidative capacity (11, 23) . As described in METHODS, the superficial region that constitutes the measurement site of the PmvO 2 consists predominantly of fast (IIx or IIb) low oxidative muscle fibers in WT mice. Our results demonstrate that PGC-1␣ overexpression elicited increased levels of SDH activity in both the superficial and deep regions, but more so in the superficial, such that the superficial- deep difference evident in WT was abolished (Fig. 4) . This profile corresponds with that found with respect to capillarity (Fig. 5) . These results indicate that the genetic overexpression PGC-1␣ may abrogate regional specific differentiation of structure and function that are based upon neural control, functional recruitment, adaptation, or genetic control. Characteristic of the PmvO 2 regulatory mechanism on PGC-1␣ mice. Oxidative phosphorylation increases simultaneously with the onset of muscle contractions (5, 21, 30, 48) . Increments of ADP, Pi, and the NADH/NAD ratio are fundamental to current oxidative phosphorylation control models (27) . However, it has been argued that, across the metabolic transient following the onset of muscle contractions, these metabolite concentrations do not change sufficiently to activate oxidative phosphorylation (32) (61) . We demonstrated previously that, following the onset of contractions, muscle-specific AMPK dominant negative (AMPK-DN) mice, compared with their WT controls, incurred a prolonged TD prior to PmvO 2 falling (28). This response was interpreted as a slowed increase of mitochondrial O 2 uptake. Also it is reported that AMPK is considered to be a regulator of nitric oxide metabolism (35, 54) and oxidative phosphorylation (35, 63) . These findings support the dependence of the dynamic balance of O 2 delivery to uptake at exercise onset upon AMPK activation level.
Chronic overexpression of PGC-1␣ increases mitochondrial protein content and thus the oxidative phosphorylation machinery (36, 58, 60) as well as elevating AMPK␣1 activity ϳ5-fold (see METHODS) . Therefore, although we were not able to measure mitochondrial or muscle V O 2 kinetics in the present investigation, the clear expectation is that this response will be speeded in PGC-1␣ mice. Thus, if either there was no enhancement of vascular control (and QO 2 ), or if this occurred to a lesser extent than the mitochondrial adaptations, the TD phase of the PmvO 2 response would be expected to shorten. This is precisely the response demonstrated in Fig. 1 and Table 1 .
Dynamic profile of PmvO 2 in PGC-1␣ mice. Based upon the effects of exercise training (24) we hypothesized that, in PGC-1␣ transgenic mice, the gastrocnemius PmvO 2 kinetics profile would move toward that seen in slow-twitch muscles such as the soleus (10) . In low oxidative capacity fast-twitch muscles capillarity is low (29) , and there is a less robust vasodilation (4, 59) compared with either slow-twitch or highly oxidative fast-twitch muscles. Thus, in contrast to their fasttwitch counterparts, muscles composed predominantly of slowtwitch fibers exhibit slowed PmvO 2 kinetics and a higher QO 2 -to-V O 2 ratio (and thus PmvO 2 ) across the rest-to-contractions transition and in the steady state (10) . Despite the emergence of slow myosin heavy chains and enhanced mitochondrial enzyme activity (Fig. 4) , and capillarity in PGC-1␣ mice (Fig. 5) , PmvO 2 kinetics retained their characteristic fast-twitch phenotype (Fig. 1) . Conspicuously, however, even beyond the rapid (primary component) kinetics, PmvO 2 tended to be lower in PGC-1␣ vs. WT mice during tetanic contractions. These results may reflect that mitochondrial adaptations (impacting V O 2 ) outstripped those in the vasculature (i.e.,vasodilatory response in arterioles). As discussed previously, according to Fick's law of diffusion, PmvO 2 sets the driving pressure crucial for a given blood-myocyte O 2 flux at the presiding muscle O 2 diffusing capacity (DmO 2 ) (57). That muscle performance increased (i.e., less fatigue) in PGC-1␣ mice during tetanic contractions at a lower PmvO 2 supports the presence of an increased DmO 2 in these animals probably, in part, due to the greater muscle capillarity (55) and hence capillary RBC volume which is the primary determinant of DmO 2 (17, 22) .
Perspectives and significance. Enhanced PGC-1␣ expression is associated with improved fast-twitch muscle contractile performance in the mouse gastrocnemius. Although this enhanced PGC-1␣ expression educes a spectrum of structural (increased capillarity) and functional (mitochondrial oxidative enzyme activity) adaptations broadly similar to those resulting from endurance exercise training the regulation of the QO 2 -to-V O 2 relationship is very different. Specifically, as the present data demonstrate, maintenance of higher PmvO 2 during tetanic muscle contractions is not obligatory for improved exercise tolerance in PGC-1␣ mice. That the primary component mean response time is reduced (decreased TD) and PmvO 2 lowered concomitant with reduced fatigue implies that intramyocyte oxidative functional (i.e., V O 2 ) adaptations exceed those occurring in the vasculature (i.e., QO 2 ). Specifically, overexpression of PGC-1␣ may accelerate V O 2 kinetics to a greater extent than QO 2 kinetics and this may be underlie, in part, the improved fatigue resistance despite a decreased PmvO 2 . In turn the decreased PmvO 2 (i.e., increased tension/ PmvO 2 ratio) supports that PGC-1␣ overexpression-induced enhancements in the capillary bed facilitated a higher capillary RBC volume and thus DmO 2 (17, 22, 51, 57) such that an equivalent (or greater) blood-myocyte O 2 flux could be sustained in the face of a reduced PmvO 2 .
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